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Yeast Hct1 Is a Regulator
of Clb2 Cyclin Proteolysis
Michael Schwab, Annegret Schulze Lutum, omone, Far1 is activated by a signal transduction path-
way to bind and inhibit Cln±Cdc28 kinases resulting inand Wolfgang Seufert
a G1 cell cycle arrest (Peter and Herskowitz, 1994). Sic1Institute of Industrial Genetics
is another potent inhibitor of Cdc28 activity (Mendenhall,University of Stuttgart
1993). Sic1 is specific for Clb±Cdc28 complexes andAllmandring 31
prevents DNA replication until eliminated by proteolysis70569 Stuttgart
in late G1 (Schwob et al., 1994). SIC1 expression isGermany
regulated, rising in late mitosis, and a function of SIC1
in the M±G1 transition has been suggested (Donovan et
al., 1994).Summary
Mitotic cyclins are subject to stage-specific degrada-
tion by a ubiquitin-dependent pathway (Murray, 1995;Stage-specific proteolysis of mitotic cyclins is funda-
King et al., 1996). Substrates of this proteolytic systemmental to eukaryotic cell cycle regulation. We found
are targeted for destruction by the 26S proteasomethat yeast Hct1, a conserved protein of eukaryotes,
through the attachment of a chain of ubiquitin mole-is a necessary and rate-limiting component of this
cules. Members of a family of ubiquitin-conjugating
proteolysis pathway. In hct1 mutants, the mitotic
enzymes cooperate with a diverse group of ubiquitin
cyclin Clb2 is highly stabilized and inappropriately in- ligases in selecting specific substrates and catalyzing
duces DNA replication, while G1 cyclins and other pro- ubiquitin transfer (Jentsch, 1992; Hochstrasser, 1995).
teolytic substrates remain short-lived. Viability of hct1 Mitotic cyclins contain a short conserved motif near the
mutants depends on SIC1. This and further results N terminus termed destruction box (Glotzer et al., 1991).
suggest that inhibition of cyclin-dependent kinases This sequence is necessary for cell cycle±regulated pro-
may compensate for defects in cyclin proteolysis. Re- teolysis and serves as a signal for ubiquitination. When
markably, elevated levels of Hct1 ectopically activate added to cell extracts or ectopically expressed in vari-
destruction box± and Cdc23-dependent degradation ous organisms, cyclin derivatives without a destruction
of Clb2 and cause phenotypic effects characteristic box arrest cell cycle progression in late M-phase with
for a depletion ofM-phase cyclins. Hct1 and therelated elevated Cdk activity (Murray et al., 1989; Surana et al.,
Cdc20 may function as substrate-specific regulators 1993; Sigrist et al., 1995). Proteolysis of mitotic cyclins
of proteolysis during mitosis. is therefore regarded as an essential process for com-
pletion of mitosis.
Biochemical and geneticstudies identified a multisub-Introduction
unit protein complex that is required for ubiquitination
of mitotic cyclins. The particle named anaphase-pro-The eukaryotic cell division cycle is mainly controlled by
moting complex (APC) or cyclosome was purified fromactivation and inactivation of cyclin-dependent kinases
frog and clam egg extracts (King et al., 1995; Sudakin et(Cdks) (Morgan, 1995; Nigg, 1995). Cdk activity requires
al., 1995). Activity of the particle is cell cycle±regulated,association of the kinase with a positive regulatory sub-
being high in mitosis and low in interphase. Subunits ofunit termed cyclin, whose abundance typically fluctu-
Xenopus APC are phosphorylated in M-phase, account-ates during the division cycle. Apart from periodic
ing for elevated ubiquitination activity in a reconstitutedchanges of cyclin levels, Cdk activity is further regulated
system (Peters et al., 1996). Genes for subunits of yeastby phosphorylation of the catalytic subunit and binding
APC have been discovered in a screen for mutants thatof inhibitory proteins to the cyclin±Cdk complex. In the
stabilize the mitotic cyclin Clb2 (Irniger et al., 1995;budding yeast Saccharomyces cerevisiae, cell cycle
Zachariae et al., 1996). These include APC1, a homolog
progression is driven by a single Cdk (Cdc28) that
of Aspergillus BIME as well as CDC16 and CDC23, which
sequentially associates with distinct classes of cyclins
encode tetratricopeptide repeat (TPR) proteins. Muta-
(Nasmyth, 1996). Complexes of Cdc28 with the G1 tions in these genes interfere with the onset of anaphase.
cyclins Cln1±3 catalyze entry into a new division cycle. Thus, APC may also mediate degradation of anaphase
DNA replication is normally triggered by complexes con- inhibitors whose existence has previously been sug-
taining the S-phase cyclins Clb5 and Clb6. The mitotic gested (Holloway et al., 1993). Indeed, recent data show
cyclins Clb1±4 are expressed later and activate Cdc28 that separation of sister chromatids requires the de-
for inducing entry into mitosis. Cells lacking the four struction box± and APC-dependent proteolysis of Cut2
mitotic cyclins Clb1±4 fail to assemble a spindle and in fission yeast or Pds1 in budding yeast (Funabiki et
arrest in G2 (Amon et al., 1993), whereas cells lacking al., 1996; Cohen-Fix et al., 1996).
all six Clb cyclins do not replicate DNA and arrest in G1 Destruction of mitotic cyclins starts at anaphase and
(Schwob et al., 1994). Cyclins also govern cell morpho- persists until late G1 when yeast Cln cyclins reaccumu-
genesis (Lew and Reed, 1993). Cln-associated activity late (Amon et al., 1994). Destruction is ultimately trig-
induces polarization of the cytoskeleton and is needed gered by mitotic Cdk activity (Felix et al., 1990), but the
for bud formation, while Clb1- or Clb2-mediated activity steps leading to activation of APC, onset of anaphase,
depolarizes the cytoskeleton and thereby permits iso- and destruction of mitotic cyclins remain to be defined.
tropic bud growth. Yeast cell division is negatively regu- The Drosophila gene fizzy might be involved in this pro-
cess. Mutations in fizzy cause a metaphase arrest,lated by Cdk inhibitors. In response to mating pher-
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blocking chromosome segregation and degradation of
cyclins A, B, and B3 (Dawson et al., 1995; Sigrist et al.,
1995). Drosophila fizzy shares sequence similarity with
yeast CDC20, whose mutation also interferes with entry
into anaphase (Sethi et al., 1991). CDC20, however, ap-
pears to be dispensable for mitotic cyclin proteolysis,
since extracts of a cdc20-1 mutant strain support ubiqui-
tination of Clb2 (Zachariae and Nasmyth, 1996). Here
we describe the HCT1 gene of S. cerevisiae, which is
related to CDC20 and Drosophila fizzy. HCT1 is required
for proteolysis of the mitotic cyclin Clb2. What sets Hct1
apart from other components of this degradation path-
way is its capacity to ectopically activate destruction
box± and Cdc23-dependent proteolysis of Clb2. Thus,
Hct1 may be a key element of the system that regulates
the timing of M-phase cyclin proteolysis. HCT1 is most
similar to the recently identified Drosophila gene fizzy-
related, which down-regulates mitotic cyclins in cells
that have completed embryonic divisions (Sigrist and
Lehner, 1997 [this issue of Cell]).
Results
Dosage Suppressors of cdc20-1
The yeast CDC20 gene is essential for cell cycle progres-
sion through the G2/M phase. Mutants accumulate ex-
cess microtubules and arrest after DNA synthesis but
prior to nuclear division with a metaphase-like spindle
of aberrant structure. Based on the phenotypic analysis,
a primary function of CDC20 in modulating microtubule
dynamics has been suggested (Sethi et al., 1991). The
Cdc20 gene product shares limited sequence similarity
Figure 1. Comparison of Hct1-Related Proteinswith so-called WD-40 repeat proteins (Neer et al., 1994).
The upper part shows a schematic representation of gene productsThis repetitive motif was first recognized in b subunits
identified in a NCBI BLAST search as being most similar to S. cere-of trimeric G proteins, and related sequences have since
visiae (S.c.) Hct1: Caenorhabditis elegans (C.e.) ZK1307.6, Drosoph-been found in a number of functionally diverse eukary-
ila melanogaster (D.m.) FZY, Homo sapiens (H.s.) p55CDC (GenBank
otic proteins. To better understand the physiological accession no. U05340), and S. cerevisiae (S.c.) Cdc20. Shaded
role of CDC20, we screened for genes whose increased boxes indicate repeated sequence elements related to the WD-40
dosage suppresses the thermosensitive growth of a motif (Neer et al., 1994), and numbers on the right give the amino
acid identity with Hct1 in this domain. A sequence alignment of thecdc20-1 mutant strain. Positive clones were isolated
seven repeat units is shown in the lower part with residues con-from a yeast DNA library in a high copy plasmid vector.
served in at least four family members in boldface and underlined.By subcloning and DNA sequencing, we identified two
The nucleotide sequence of HCT1 is identical to YGL003c (GenBank
efficient suppressors, each of which was represented accession no. Z72525).
by several distinct isolates. One corresponded to the
SIC1 gene, which encodes an inhibitor of Clb-Cdc28
the haploid progeny indicated that both insertion andkinases (Schwob et al., 1994). The other was a previously
deletion mutants of HCT1 are viable, but grow slightlyundescribed gene that we named HCT1 (homolog of
slower than isogenic wild-type cells. Thus, unlike CDC20,CDC twenty), since the encoded product shows signifi-
HCT1 is obviously not essential for cell viability.cant sequence similarity to Cdc20 (Figure 1). Sequence
identities are most abundant in the C-terminal portion
Clb2 Exists throughout the Cell Cyclewhere both proteins carry 7 repeat units of about 40
of hct1 Mutantsamino acids that are characterized by conserved trypto-
The observed sequence similarity prompted us to ana-phan residues and resemble the WD-40 elements in b
lyze a potential role of Hct1 in cyclin proteolysis. Intransducins. Interestingly, Hct1 shares an even higher
four experiments, we asked if Hct1 is required for thedegree of similarity with proteins from other organisms
stage-specific destruction of the mitotic cyclin Clb2.(Figure 1) including human p55CDC and Drosophila FZY,
First, we isolated small unbudded G1 cells by centrifugala cell cycle protein required for cyclin proteolysis during
elutriation and followed their cell cycle progression bymitosis (Dawson et al., 1995; Sigrist et al., 1995).
microscopic inspection and FACS analysis, as well asAs a first step toward characterizing HCT1, we gener-
abundance of Clb2 by immunoblotting (Figure 2A). Inated loss-of-function mutants. To this end, a diploid
wild-type cells, Clb2 became first detectable at 105 min-yeast strain was transformed with DNA constructs in
utes, reached its maximum at 150 minutes, and declinedwhich the HCT1 coding region was either disrupted or
again. In hct1 mutants, however, substantial amountscompletely deleted. Heterozygote diploids were sporu-
lated and subjected to tetrade dissection. Analysis of of Clb2 were present in newborn G1 cells, and its levels
Control of Cyclin Proteolysis by Yeast Hct1
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Figure 2. Clb2 Protein Levels during the Cell
Cycle
(A) Cell cycle progression of G1 cells. Small
unbudded cells of strains W9317 (HCT1) and
W672 (hct-D1) both carrying an HA epitope±
taggedallele of CLB2 were isolated by elutria-
tion and inoculated into fresh raffinose
medium at 308C. Samples withdrawn at indi-
cated times were used for Clb2 immunoblot-
ting, FACS analysis, and microscopy. In both
cultures, budding started at 75 min and sepa-
ration of nuclei at 135 min.
(B) Exit from mitosis. Strains W9313 (cdc15-2
HCT1) and W404 (cdc15-2 hct1-D1) were ar-
rested in late anaphase by incubation at 378C
for 4 hours and then released by return to
258C. Clb2 protein was detected by Western
blotting in samples taken at the indicated
times after release from the cdc15 block. A
protein extract from unsynchronized cells
grown at 258C was loaded in the first lane (C).
To evaluate exit from mitosis, spindles were
visualized by anti-tubulin immunofluores-
cence staining. For each time point given in
the graph, more than 300 cells were counted.
At 60 min after release, 32% of the cells of
both strains had again assembled a short
spindle.
further increased during mitosis and failed to decline G1 cells. A hct1 mutant strain along with a wild-type
control were treated with a factor, and Clb2 proteinlater. Clearly, Hct1 is required for the normal fluctuation
of Clb2 protein. Budding, DNA replication, and separa- levels and the cellular DNA content were followed in
parallel (Figure 3). As expected, Clb2 protein disap-tion of nuclei were simultaneous with wild-type cells,
but G1 cells reappeared more slowly, suggesting that peared from the population of wild-type cells in a time
exit of mitosis is moderately delayed in hct1 mutants.
Consistent with a delay in late M phase, we observed
that asynchronous cultures of hct1 strains contain an
elevated percentage of cells with separated nuclei (not
shown).
Second, we monitored Clb2 levels during the M-G1
transition. The cdc15-2 mutation was used to impose a
cell cycle arrest in late anaphase. When returned to
the permissive temperature, cdc15-2 cells recover and
synchronously enter a new round of division. A hct1
deletion strain (cdc15-2 hct1-D1) and a control strain
(cdc15-2 HCT1) were incubated at 378C, causing cells
of both strains to arrest with a large bud, separated
nuclei, and a long spindle. Then cultures were shifted
back to 258C and samples were taken for Western analy-
sis and spindle staining (Figure 2B). Upon release, Clb2
protein abruptly declined in HCT1-proficient cells and
reappeared about 30 minutes later, whereas Clb2 levels
remained high and almost constant in hct1 cells, consis-
Figure 3. Clb2 Protein Levels andCellular DNA Content in Responsetent with a defect in cyclin proteolysis. Mutant cells did
to Mating Pheromonein fact exit from mitosis and proceeded normally through
Control strains W377 (HCT1) and W386 (HCT1 clb2-D1) and the hct1the division cycle since anaphase spindles were disas-
mutant strains W380 (hct1-3) and W382 (hct1-3 clb2-D1) all carryingsembled completely but at a somewhat slower rate and
a deletion of the BAR1 gene were grown at 308C in glucose mediumnew spindles were formed on schedule.
and treated with a factor (50 ng/ml). Culture portions were harvested
Third, we examined the fate of Clb2 during a phero- at 30 min intervals as indicated and used to determine the DNA
mone-induced arrest in G1. Due to regulated synthesis content of cells by FACS and Clb2 protein levels in strains W377
(HCT1) and W380 (hct1-3) by Western blotting.and degradation, the mitotic cyclin Clb2 is absent from
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Figure 4. Function of HCT1 in the Clb2-Spe-
cific Proteolysis Pathway
(A) Clb2 protein stability in a hct1 deletion
strain. Strains W406 (cdc28-4 HCT1) and
W407 (cdc28-4 hct1-D1), both carrying the
CLB2-HA allele fused to the GAL1 promoter,
were grown in raffinose medium at 258C, ar-
rested in G1 by shift to 378C for 3.5 hours,
and induced to express CLB2 by galactose
addition. Samples were taken every 30 min as
indicated, and Clb2 was detected by Western
blotting (left-hand panel). In a similar experi-
ment, CLB2 expression was induced in G1-
arrested W407 (cdc28-4 hct1-D1) cells for 90
min and then terminated by glucose addition.
Samples for Clb2 Western analysis were
taken before (lane C) and after (lane 0) CLB2
induction and at indicated times after termi-
nation of Clb2 synthesis (right-hand panel).
(B) Turnover of b-galactosidase derivatives
and G1 cyclins in hct1 mutant strains. To de-
termine the stability of short-lived b-gal deriv-
atives, control strain K699 (HCT1) and the
hct1 deletion strain W321 (hct1-D1) express-
ing either ub-P-b-gal (upper leftpanel) or R-b-
gal (lower left panel) were pulse labeled with
35S-methionine. Cell lysates were prepared from samples taken at indicated times after transfer into chase medium, and b-gal derivatives
were immunoprecipitated with a b-gal-specific antibody. To determine the stability of G1 cyclins, control strains W408 and W410 (HCT1) and
hct1 mutant strains W409 and W411 (hct1-3) carrying either HA epitope±tagged alleles of CLN1 (upper right panel) or CLN2 (lower right panel)
fused to the GAL1 promoter were grown in raffinose medium and induced to express CLN1 or CLN2 by galactose addition for 45 min. At
indicated times after glucose-mediated promoter repression, samples were taken to determine Cln1 and Cln2 protein levels by Western
blotting.
course reflecting the accumulation of cells with a 1C its extreme instability during G1, Clb2 protein failed to
reach detectable levels in the control strain. In the hct1DNA content. In striking contrast, Clb2 protein was re-
deletion strain, however, Clb2 protein accumulated totained in pheromone-treated hct1 cells. These cells ini-
high levels, suggesting that its stability was elevated.tially arrested in G1 with wild-type kinetics, but a certain
To determine its actual half-life, we followed the turnoverfraction resumed DNA replication thereafter as evi-
of Clb2 protein after its synthesis had been terminateddenced by thesteadily increasing 2C DNA peak. Despite
by glucose-mediated promoter repression. As esti-the capacity to replicate, hct1 mutants remain sensitive
mated by Western analysis (Figure 4A), the half-life ofto pheromone as judged by their failure to form colonies
Clb2 protein is around 30 minutes in hct1 deletion cellson plates containing this concentration of a factor. Previ-
during G1. This far exceeds its G1 half-life in wild-typeous studies indicated that Clb2, if spared by proteolysis,
cells that has previously been reported to be 1 minutecan induce DNA replication (Amon et al., 1994; Irniger
or less (Irniger et al., 1995). These results provide directet al., 1995). We generated a hct1 clb2 double mutant
evidence that HCT1 is required for the stage-specificstrain to see whether Clb2 was responsible for the un-
degradation of the mitotic cyclin Clb2.scheduled induction of S phase in hct1 cells. This was
We analyzed the stability of other short-lived proteinsapparently the case, since double mutant cells remained
that are subject to ubiquitin-mediated degradation toarrested in G1 and failed to replicate DNA in the pres-
see if HCT1 performs a general function in this proteo-ence of pheromone. The 1C DNA peak did not decrease,
lytic system. Derivatives of b-galactosidase (b-gal) suchand cells with 2C DNA did not arise in the course of the
as Ub-Pro-b-gal and Arg-b-gal are model substrates ofexperiment (Figure 3). These observations indicate that
the ubiquitin system, and their degradation pathways
Clb2 protein is present and active during late G1 in hct1
have been studied in detail (Johnson et al., 1995;
mutants and therefore support the view that Hct1 is
Varshavsky, 1996). Their metabolic stability in hct1 dele-
required for Clb2 cyclin destruction. tion cells was determined by pulse-labeling cells with
35S-methionine and immunoprecipitating the test pro-
HCT1 Is Specifically Required for Clb2 Degradation teins during a chase period. In hct1 cells, levels of
Fourth, the stability of Clb2 protein during G1 was di- Ub-Pro-b-gal and Arg-b-gal declined with kinetics indis-
rectly analyzed. In this experiment, thecdc28-4 mutation tinguishable from wild-type cells (Figure 4B), demon-
was used to block cell division in G1 and simultaneously strating that HCT1 is not required for the rapid break-
prevent unscheduled DNA replication. Strains also car- down of these b-gal derivatives. To define the stability
ried an epitope-tagged allele of CLB2 fused to the induc- of G1 cyclins in hct1 cells, epitope-tagged CLN1 and
ible GAL1 promoter. Following shift to the restrictive CLN2 were expressed from the GAL1 promoter, and
temperature and arrest in G1, cells were induced to following promoter shut-off, the decay of Cln protein
express CLB2 and accumulation of Clb2 protein was levels was monitored by immunoblotting (Figure 4B). As
in the wild-type control, Cln1 and Cln2 were extremelychecked by immunoblotting (Figure 4A). Consistent with
Control of Cyclin Proteolysis by Yeast Hct1
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of division, and finally arrested as large-budded cells,
consistent with a block in mitosis (not shown). Thus,
HCT1 and SIC1 apparently serve a common function in
cell cycle progression. We therefore hypothesize that
inactivation of mitotic Cdk complexes in budding yeast
may be accomplished by either one of two pathways,
namely degradation of the cyclin subunit that requires
Hct1 or inhibition of the mitotic kinase mediated by Sic1
(Figure 5). To test this conjecture, we examined genetic
interactions of HCT1 and SIC1 with CDC23, which en-
codes a conserved TPR protein with an established role
in degradation of mitotic cyclins (Irniger et al., 1995;
King et al., 1995). A strain carrying the temperature-
sensitive cdc23-1 mutation was crossed to hct1 and
sic1 deletion strains, and the resulting diploids were
sporulated and subjected to tetrad dissection. cdc23-1
hct1 mutant strains were recovered at the expected
frequency and had growth properties similar to cdc23-1
strains. On the other hand, cdc23-1 sic1 cells were obvi-
ously inviable, as spores germinated but cell division
ceased after 1 to 3 rounds (not shown). This pattern of
Figure 5. Parallel Pathways for Cdk Inactivation epistasis and synthetic lethality supports the degrada-
Genetic data suggest that degradation of the mitotic cyclin Clb2 tion/inhibition model. To obtain direct evidence for Cdk
that involves Hct1 and Cdc23, and Sic1-mediated inhibition of the
inhibition as hct1 cells leave mitosis, we repeated theClb2±Cdc28 complex may be redundant pathways for Cdk inactiva-
cdc15 release experiment, immunoprecipitated Clb2,tion during exit from mitosis. Strains W690 (cdc15-2 HCT1) and
and compared protein levels of Clb2 with the associatedW691 (cdc15-2 hct1-D1), both carrying the CLB2-HA allele, were
arrested and released as described in Figure 2. Lysates were pre- histone H1 kinase activity (Figure 5). Upon release from
pared from samples taken at 10 min intervals, andClb2 was immuno- the mitotic arrest, Clb2 protein as well as the kinase
precipitated. A portion of the precipitate was used for Clb2 Western activity transiently declined in wild-type cells. In hct1
analysis (upper panels) and the remaining for a histone H1 kinase
cells, Clb2 protein levels remained high but the associ-reaction (lower panels).
ated kinase activity dropped abruptly and quickly reap-
peared. This pulse of Cdk inactivation in hct1 cells in
unstable in hct1 cells and became undetectable within the absence of cyclin proteolysis confirms the above
20 or 30 minutes, indicating that HCT1 is dispensable model.
for Cln1 and Cln2 proteolysis. It is therefore unlikely that
Hct1 is a general component of the ubiquitin system. Ectopic Activation of the Clb2-Specific
The data rather suggest that HCT1 functions specifically Proteolysis Pathway
in the destruction pathway of mitotic cyclins. To further characterize the role of Hct1 in cyclin pro-
teolysis, we analyzed the effects of expressing HCT1 at
Synergy of Cyclin Degradation and Cdk Inhibition high levels. A strain was constructed in which the HCT1
Degradation of mitotic cyclins is thought to be essential coding sequence is fused to the inducible GAL1 pro-
for cell cycle progression, since nondegradable forms moter. This strain failed to grow on galactose plates,
of these cyclins interfere with exit from mitosis in various indicating that overexpression of HCT1 is lethal. To
systems (Murray et al., 1989; Surana et al., 1993; Sigrist study the response in detail, galactose was added to
et al., 1995). It is therefore surprising that yeast cells wild-type and GAL-HCT1 cells grown in noninducing
mutated in HCT1 fail to degrade Clb2, but still succeed medium, and the morphology of cells, nuclei, and spin-
to pass through the division cycle. We wondered if dles, the cellular DNA content, as well as cyclin abun-
mechanisms distinct from cyclin proteolysis might con- dance were followed in parallel (Figure 6). The observed
tribute to Cdk inactivation in hct1 cells. Inhibition of the phenotype suggests that overexpression of HCT1
mitotic kinase by Sic1 would be a conceivable mecha- blocks cell division in G2. Within 3 hours at 258C essen-
nism. SIC1 expression peaks in late mitosis, and genetic tially all cells arrested with 2C DNA as measured by
data suggested a role in the M±G1 transition (Donovan FACS. Loss of bipolar structures and prevalence of
et al., 1994). Furthermore, Sic1 inhibits Clb2-dependent dot-like signals in the anti-tubulin immunofluorescence
kinase activity in vitro (Schwob et al., 1994), and SIC1 staining indicated that spindle formation was repressed.
shares with HCT1 the capacity to suppress the cdc20-1 Likewise, DNA staining showed that nuclear division did
mutation. To ask if Hct1 and Sic1 perform overlapping no longer occur. Growth became polarized and cells
cellular functions, we determined the consequences of eventually formed a highly elongated bud. A similar if
combining null mutations in both genes. For this, hct1 not identical phenotype has been described for cells in
and sic1 deletion strains were crossed, diploids were which the four mitotic cyclins Clb1-4 had been inacti-
sporulated, and the meiotic progeny was analyzed after vated (Fitch et al., 1992; Richardson et al., 1992; Amon
tetrade dissection. Segregants in which HCT1 and SIC1 et al., 1993). Western analysis indeed showed that the
are both deleted turned out to be inviable. Most double mitotic cyclin Clb2 rapidly disappeared when HCT1 ex-
pression was induced (Figure 6) and Clb1 behaved themutant spores germinated, went through a single round
Cell
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Hct1 interferes with Clb2 accumulation, we analyzed the
result of overexpressing HCT1 in mitotic cells. Since
Clb2 is stable in cells arrested by nocodazole, its level
remains high in this stage even after its synthesis has
been terminated (Amon et al., 1994; Seufert et al., 1995).
Hence, Clb2 depletion in nocodazole-arrested cells will
require proteolysis. A strain carrying the GAL-HCT1 fu-
sion and a control strain were treated with nocodazole,
and following mitotic arrest, galactose was added to
induce HCT1 expression. Immunoblotting and micro-
scopic inspection (Figure 7A) revealed that Clb2 accu-
mulated to high levels in control cells that remained
arrested in mitosis with the characteristic large-budded
morphology. In the case of HCT1 overexpression, how-
ever, Clb2 rapidly disappeared and cells started to pro-
duce a new bud that continued to elongate, indicating
that cells had escaped from the mitotic state. Thus,
ectopic expression of HCT1 is evidently sufficient to
induce degradation of Clb2 and probably also of other
mitotic cyclins.
We furthermore asked if Hct1-induced degradation of
Clb2 involves the same proteolytic system that normally
mediates cell cycle±regulated destruction of mitotic
cyclins. Degradation by this pathway depends on the
presence of a destruction box sequence in the substrate
(Glotzer et al., 1991) and requires the TPR protein Cdc23
as part of the multisubunit APC (Irniger et al., 1995;
King et al., 1995). To address this question, HCT1 was
overexpressed in a strain carrying an allele of CLB2
whose destruction box sequence has been deleted and
in a strain carrying the temperature-sensitive cdc23-1
mutation that impairs Clb2 degradation even at the per-
missive temperature (Irniger et al., 1995). GAL1-directed
expression of HCT1 was induced in asynchronous cells
at room temperature, and Clb2 protein levels were fol-
lowed by Western blotting. As observed before, intact
Clb2 rapidly disappeared in response toHCT1 induction,Figure 6. Consequences of Overexpressing HCT1
whereas the Clb2 derivative withoutdestruction box was
Strains W388 (GAL-HCT1) and W394 (wild-type), both carrying HA
not affected (Figure 7B). Similarly, Clb2 levels did notepitope±tagged alleles of CLB2 and CLB5, were grown in raffinose
decrease when HCT1 was overexpressed in cdc23-1medium. Following galactose addition to overproduce Hct1 in W388,
samples were taken at 1 hour intervals and processed for micros- cells (Figure 7C). The requirement for a destruction box
copy, FACS, and Western analysis. The graphs on top give the and Cdc23 argues that Hct1 induces Clb2 degradation
fraction of cells with elongated buds (left), separated nuclei (middle), by activating the proteolytic machinery that is specific
or mitotic spindles (right) at each time point. Open circles represent for mitotic cyclins. Unlike wild-type cells, cdc23-1 mu-
W394 (wild-type), closed circles W388 (GAL-HCT1). Around 400 cells
tants overexpressing HCT1 continued to divide and didwere counted for each value. The micrographs below show the cell
not arrest in G2 (not shown). This confirms the notionmorphology by phase contrast (phase), nuclear DNA staining (Dapi),
and anti-tubulin immunofluorescence signals (tubulin) of W388 that elevated levels of Hct1 block entry into mitosis by
(GAL-HCT1) cells at 4 hours after promoter induction. The histo- triggering unscheduled proteolysis of mitotic cyclins.
grams further below give the DNA content of wild-type (left) and In a similar experiment, we checked if Hct1 can desta-
GAL-HCT1 (right) cells as measured by FACS analysis. The profiles bilize Pds1, a noncyclin protein whose proteolysis in
suggest that a certain degree of rereplication might occur in GAL-
mitosis depends on APC (Cohen-Fix et al., 1996). West-HCT1 cells consistent with the proposed function of Clb cyclins in
ern analysis (Figure 7D) showed that Pds1 levelsblocking rereplication (Nasmyth, 1996). The bottom panel shows a
Western analysis of Clb2-HA and Clb5-HA. Numbers indicate the remained relatively high following overexpression of
time after galactose addition in hours. HCT1, while Clb2 rapidly disappeared. Thus, Hct1 may
serve a substrate-specific function in APC-dependent
proteolysis.
same way (not shown), whereas the S-phase cyclin
Clb5 remained largely unaffected (Figure 6). The most
straightforward interpretation of the results is that high Discussion
levels of Hct1 interfere specifically with the accumula-
tion of mitotic cyclins and thereby cause a cell cycle This work describes the HCT1 gene of S. cerevisiae,
which encodes a conserved WD-repeat protein relatedarrest in G2.
To define more precisely the mechanism by which to Cdc20. Our data suggest a critical regulatory function
Control of Cyclin Proteolysis by Yeast Hct1
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of Hct1 in the stage-specific proteolysis of M-phase
cyclins. On the one hand, HCT1 is required for Clb2
proteolysis. On the other hand, overexpression of HCT1
abolishes the temporal controlof proteolysisand causes
ectopic degradation of Clb2 in a destruction box± and
Cdc23-dependent fashion.
HCT1, a Nonessential Gene Required
for Proteolysis of Clb2
Mitotic cyclins are degraded by a ubiquitin-dependent
pathway, which involves a recently identified protein
complex termed APC (King et al., 1996; Nasmyth, 1996).
We found that yeast Hct1 is a necessary component of
this proteolysis pathway. Strains mutated in HCT1 fail
to degrade the mitotic cyclin Clb2 as evidenced by the
following results. Clb2 was present in newborn hct1 cells
isolated by elutriation. The typical drop of Clb2 upon
release from a mitotic block was not observed in hct1
cells. Whenarrested in G1 by treatment with pheromone,
Clb2 was not destroyed and inappropriately induced
DNA replication comparable to the situation in pre-
viously described mutants defective in Clb2 proteolysis
(Irniger et al., 1995; Zachariae et al., 1996). Moreover,
Clb2 was detectable in hct1 cells persistently arrested
in G1 by the cdc28-4 mutation (not shown) and accumu-
lated to high levels when the gene was expressed from
an inducible promoter. The half life of Clb2 under these
conditions was around 30 minutes, which far exceeds
its half life in wild-type G1 cells and equals its stability
during S and G2 (Amon et al., 1994; Irniger et al., 1995).
Finally, elevated expression of CLB2, which was still
tolerated by wild-type cells, was lethal in hct1 cells and
blocked cell division in a late mitotic stage (not shown).
The proteolysis defect of hct1 cells is specific, since G1
cyclins and other substrates of the ubiquitin system
remained short-lived. The fact that a deletion of CLB2
is sufficient to suppress DNA synthesis in pheromone-
treated hct1 cells does not necessarily mean that further
Figure 7. Activation of Clb2-Specific Proteolysis by Overexpressing mitotic cyclins werenot stabilized. It might simply reflect
HCT1
a higher capacity of Clb2 to induce S phase.
GAL1 promoter±directed expression of HCT1 was induced, and levels
Mitotic Cdk activity inhibits exit from mitosis, as firstof HA epitope±tagged Clb2 and Pds1 were followed by Western
demonstrated in Xenopus extracts by the use of nonde-analysis.
(A) Effects of overexpressing HCT1 in mitotic cells. Strains W9317 gradable cyclins (Murray et al., 1989). A failure to de-
(wild-type) and W362 (GAL-HCT1) were grown in raffinose medium grade mitotic cyclins is therefore expected to block cell
at 258C and treated with 15 mg/ml nocodazole (noc) for 3 hours.
division in late mitosis, yet null mutants of HCT1 areThen galactose was added to induce HCT1 expression in W362.
viable and their exit from mitosis is only moderatelySamples for Clb2 Western analysis were taken prior to (lane C) and
after (lane 0) nocodazole treatment and at 1 hour intervals after delayed. Genetic and biochemical evidence suggests
galactose addition (lanes 1±4). Micrographs below show the cell that the defects of hct1 cells in cyclin proteolysis are
morphology of the control strain W9317 (left) and the GAL-HCT1
compensated by the Clb-specific Cdk inhibitor Sic1. Westrain W362 (right) at 3 hours after galactose addition.
observed that viability of hct1 mutants depends on SIC1(B) Behavior of a Clb2 derivative without destruction box. CEN plas-
mids encoding full-length Clb2-HA (pWS208) or a deletion derivative and that hct1 sic1 double mutants apparently arrest in
lacking the destruction box sequence (pWS209) were transformed mitosis (not shown). In addition, the phenotype of a
into strain W384, which carries the GAL-HCT1 fusion. Strains W384- cdc23-1 strain, which is defective in Clb2 proteolysispWS208 (GAL-HCT1 CLB2) and W384-pWS209 (GAL-HCT1 clb2-
(Irniger et al., 1995), was not exacerbated by a deletionDdb) weregrown in raffinose medium at 258C and induced to overex-
press HCT1 by galactose addition. Samples were taken for Clb2 of HCT1, whereas a deletion of SIC1 caused synthetic
Western analysis at 1 hour intervals as indicated. lethality in thecdc23-1 strain. Moreover, directmeasure-
(C) Overexpression of HCT1 in cdc23-1 cells. Treatment of strains ments revealed a drop of Clb2-associated kinase activ-
W362 (GAL-HCT1 CDC23) and W398 (GAL-HCT1 cdc23-1) and Clb2
ity as hct1 cells exit from mitosis. It thus appears thatdetection was done as described in (B).
cyclin proteolysis and inhibition of Clb±Cdk complexes(D) Pds1 levels upon overexpression of HCT1. Strains OCF1522
(wild-type) and W687 (GAL-HCT1),both carrying the PDS1-HA allele, by Sic1 may both contribute to down-regulation of mi-
were treated as described in (B), and Pds1 was detected by immu- totic Cdk activity in yeast. This view is consistent with
noblotting. For comparison, untagged Clb2 was also analyzed.
the expression pattern of SIC1 (Donovan et al., 1994) and
Cell
690
Sic1 in vitro properties (Schwob et al., 1994) and may is a Cdk inhibitor, we think this is unlikely because the
cdc23-1 mutation not only suppresses Hct1-inducedexplain the previous finding that high levels of stable
Clb2 are needed for a mitotic block (Amon et al., 1994). proteolysis of Clb2, but also the Hct1-induced cell cycle
arrest (not shown). This implies that Cdks remain activeUnlike HCT1, genes encoding subunits of APC includ-
ing CDC23 are essential for the onset of anaphase in a cdc23-1 strain despite the presence of high levels
of Hct1.(Irniger et al., 1995; Zachariae et al., 1996). Recent stud-
ies indicate that APC mediates degradation of multiple
proteins during mitosis. Not only mitotic cyclins but also HCT1 and CDC20: Division of Labor?
inhibitors of anaphase such as Pds1 and possibly other HCT1 was identified in a screen for dosage suppressors
destruction box±containing proteins are targeted for of the cdc20-1 mutation, which blocks cell cycle pro-
proteolysis by APC (Cohen-Fix et al., 1996; King et al., gression prior to anaphase (Sethi et al., 1991). Consis-
1996). Hct1 is apparently dispensable for Pds1 destruc- tent with the idea that the cellular functions of Hct1 and
tion, since the typical decrease of Pds1 levels in late Cdc20 overlap, we found that a deletion of HCT1 results
mitosis was observed in hct1 cells (not shown). More- in lethality of the cdc20-1 strain (not shown). Like Hct1,
over, Pds1 levels were hardly affected by overexpres- Cdc20 might have a role in down-regulation of cyclins
sion of HCT1. Thus, Hct1 may mediate substrate-specific during mitosis, since the cdc20-1 phenotype was also
functions in the APC proteolysis pathway consistent alleviated by elevated levels of Sic1, a Clb-specific Cdk
with the nonessential character of HCT1. inhibitor (Mendenhall, 1993; Schwob et al., 1994). Inter-
estingly, HCT1 and CDC20 encode related proteins of
62 and 67 kDa, whose C-terminal portions consist of
Hct1 Is Critical for the Timing of Clb2 Proteolysis seven repeats that resemble the WD-40 motifs of b
Proteolysis of mitotic cyclins is stage specific. It is initi- transducins (Neer et al., 1994). These motifs give rise to
ated at anaphase and terminated again in late G1. Bio- a symmetrical seven-bladed propeller structure through
chemical studies suggested that the activity of APC, which the b and g subunits of trimeric G proteins interact
which is needed for ubiquitination of mitotic cyclins, (Neer and Smith, 1996). Hct1 and Cdc20 may possess
may determine the period of proteolysis (King et al., related propeller domains, which might serve as plat-
1995; Sudakin et al., 1995; Peters et al., 1996). This study forms for protein±protein interaction. Despite these sim-
introduces Hct1 as a critical regulator of M-phase cyclin ilarities, the cellular functions of HCT1 and CDC20
proteolysis. We observed that expression of HCT1 from are largely distinct. CDC20 is essential for entry into
an inducible promoter causes a rapid decline of the anaphase and apparently dispensable for Clb2 proteoly-
mitotic cyclins Clb1 and Clb2 but not of the S-phase sis in G1 (Zachariae and Nasmyth, 1996), while HCT1 is
cyclin Clb5. This decline apparently results from inap- not essential for progression through mitosis but re-
propriate activation of the M-phase-specific proteolysis quired for proteolysis of Clb2. The following hypothesis
system, since Hct1 neither reduces the level of a Clb2 incorporates these observations. We envisage that Hct1
derivative lacking the destruction box nor that of intact and Cdc20 might target distinct, but overlapping sets
Clb2 when CDC23, which encodes a subunit of APC, is of proteins for degradation, perhapsby presenting these
mutated. The capacity of Hct1 to down-regulate mitotic substrates to APC for ubiquitination. Substrates of
cyclins is also apparent from the phenotypic effects of Cdc20 might include anaphase inhibitors accounting for
HCT1 overexpression. Cells arrest in a G2-like state with its essential role in M phase. Hct1 and Cdc20 might
replicated DNA, no spindle, an undivided nucleus, and respond to different regulatory signals, which would
an elongated bud. This phenotype is characteristic for allow fine-tuning of APC-dependent proteolysis during
cells depleted of mitotic cyclins (Fitch et al., 1992; Rich- mitosis.
ardson et al., 1992; Amon et al., 1993). WD-repeat proteins related to Hct1 and Cdc20 exist
Overexpression studies indicate that elevated levels in other eukaryotes. In Drosophila, fizzy and the most
of Hct1 induce premature degradation of M-phase recently identified fizzy-related encode WD proteinswith
cyclins and also interfere with the termination of their specialized cell cycle functions (Sigrist and Lehner,
proteolysis in G1. In mitotic cells arrested by nocoda- 1997). While fizzy is required for separation of sister
zole, overexpression of HCT1 caused a rapid drop in chromatids and destruction of mitotic cyclins in M
Clb2 levels. These cells formed a new bud, while nuclear phase, fizzy-related is needed for the removal of mitotic
division and cytokinesis remained blocked. In cells re- cyclins in G1 when cells terminate proliferation. In view
leased from a pheromone-mediated G1 arrest, overex- of these structural and functional similarities, it is tempt-
pression of HCT1 prevented the appearance of Clb2 (not ing to speculate that members of the Hct1/Cdc20 family
shown). These data suggest that Hct1 is rate-limiting for of WD-repeat proteins serve as regulators of proteolysis
proteolysis of mitotic cyclins at variouscell cycle stages. in the cell cycle.
Most recent experiments revealed that Hct1 is present
throughout the division cycle (not shown). We therefore Experimental Procedures
suspect that changes in Hct1 activity may be involved
Yeast Methodsin the temporal control of M-phase cyclin proteolysis.
Standard protocols were followed for cultivation of yeast, transfor-It has recently been proposed that Cln- and Clb-
mation, mating, sporulation, tetrade dissection, and other tech-dependent Cdk activity keeps the proteolysis pathway
niques (Kaiser et al., 1994). Yeast strains used in this study are listed
of mitotic cyclins inactive (Nasmyth, 1996). Thus, one in Table 1. Strains are isogenic derivatives of K699 (MATa ade2-1
might ask if Hct1 causes Clb2 degradation through Cdk can1-100 his3-11,-15 leu2-3,-112 ssd1-d trp1-1 ura3) with the fol-
lowing exceptions: W267, W314 and W398 were made congenic toinhibition. Although we have not directly tested if Hct1
Control of Cyclin Proteolysis by Yeast Hct1
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Table 1. Yeast Strains
Name Relevant Genotype
W267 MATa cdc20-1
W320 MATa hct1-D1::LEU2
W321 MATa hct-D1::LEU2
W331 MATa hct1-3::URA3
W332 MATa hct1-3::URA3
W9317 MATa CLBHA
W672 MATa hct1-D1::LEU2 CLB2HA
W9313 MATa cdc15-2
W404 MATa cdc15-2 hct1-D1::LEU2
W377 MATa bar1-D1::HIS3
W380 MATa bar1-D1::HIS3 hct1-3::URA3
W382 MATa bar1-D1::HIS3 clb2-D1::LEU2 hct1-3::URA3
W386 MATa bar1-D1::HIS3 clb2-D1::LEU2
W406 MATa cdc28-4 ura3::pGAL10-CLB2HA-URA3
W407 MATa cdc28-4 hct1-D1::LEU2 ura3::pGAL10-CLB2HA-URA3
W408 MATa leu2::pGAL1-CLN1HA-LEU2
W409 MATa hct1-3::URA3 leu2::pGAL1-CLN1HA-LEU2
W410 MATa leu2::pGAL1-CLN2HA-LEU2
W411 MATa hct1-3::URA3 leu2::pGAL1-CLN2HA-LEU2
W190 MATa sic1-D1::HIS3
W192 MATa sic1-D1::HIS3
W314 MATa cdc23-1
W690 MATa cdc15-2 CLB2HA
W691 MATa cdc15-2 hct1-D1::LEU2 CLB2HA
W394 MATa CLB2HA clb5::CLB5HA-LEU2
W388 MATa ura3::pGAL1-HCT1-URA3 CLB2HA clb5::CLB5HA-LEU2
W362 MATa ura3::pGAL1-HCT1-URA3 CLB2HA
W384 MATa ura3::pGAL1-HCT1-URA3
W398 MATa cdc23-1 ura3::pGAL1-HCT1-URA3 CLB2HA
OCF1522 MATa bar1 PDS1HA-URA3
W687 MATa ura3::pGAL1-HCT1-URA3 PDS1HA-URA3
K699 by backcrossing at least three times, and W406 and W407 not available in databases at that time. DNA sequencing identified
a single large open reading frame of 1698 bp in the region requiredwere derived from a cross of BF421-3c (cdc28-4) with W320. Genetic
interactions among HCT1, SIC1, and CDC23 were investigated by for dosage suppression. Since the predicted amino acid sequence
was similar to Cdc20, the gene was named HCT1 (homolog of CDCanalyzing the haploid progeny obtained from the following crosses:
W321 and W331 to W190 (32 tetrads each), W331 to W314 (40 twenty). The nucleotide sequence of HCT1 is identical to the recently
published sequence of YGL003c on chromosome VII (GenBank ac-tetrads), and W314 to W192 (72 tetrads).
DNA content was measured by flow cytometry. Cells (107) were cession no. Z72525).
Two disruption constructs were used to generate mutations ofharvested, fixed in 70% ethanol overnight, resuspended in sodium
citrate (50 mM [pH 7]), and sonicated to separate cell aggregates. HCT1. In the hct1-D1::LEU2 allele carried on pWS176, a 2.4 kb
BglII±SpeI fragment is replaced by a 2.0 kb BamHI±XbaI LEU2Cellular RNA was destroyed by incubation with RNase A (0.25 mg/
ml) at 508C for 1 hour. Then proteinase K (1 mg/ml) was added and marker. This removes the complete coding region of HCT1 and 285
bp of the next open reading frame. In the hct1-3::URA3 allele carriedcells were incubated for another hour at 508C. Cells were stained
at 258C with propidium iodide (8 mg/ml) and analyzed with a fluores- on pWS172, a 1.2 kb HindIII URA3 marker is inserted into the HindIII
site of HCT1 at codon 307. Diploid strain K842 (same genotype ascence-activated cell sorter (FACSStarPlus, Becton Dickinson). For
each acquisition, 104 events were measured at a flow rate of 60±100 K699) was transformed with the PvuII-digested pWS176 or EcoRI±
SalI-digested pWS172. Heterozygote strains were sporulated, andevents per second. In the DNA histograms, relative fluorescence
intensities are given on the horizontal axes and cell numbers on the segregation of the marker genes was followed among the haploid
progeny obtained by tetrade dissection. Disruption of HCT1 in hap-vertical axes. G1 cells were isolated by elutriation (Schwob et al.,
1994). The culture of strain W672 contained a portion of tiny cells loid cells was confirmed by PCR. Phenotypes observed with deletion
and insertion mutants of HCT1 were indistinguishable.that failed to grow or bud. These cells were excluded from the
FACS analysis shown in Figure 2A. Spindles were visualized by For overexpression of HCT1, an EcoRI site was created at the
start codon by PCR, and the coding region was fused to the GAL1immunofluorescence staining of cells (Kaiser et al., 1994) with the
anti-tubulin antibody YOL1/34 (MAS078p, Harlan Sera lab) and an promoter. The resulting plasmid (pWS203) was linearized with
EcoRV and integrated at the URA3 locus. W362 and its derivativesanti-rat antibody conjugated to fluorescein (Sigma).
(W384, W388, and W398) may contain more than one copy of GAL1-
HCT1.Cloning, Disruption, and Overexpression of HCT1
To identify dosage suppressors of the cdc20-1 mutation, W267 was
transformed with a yeast genomic DNA library (pSEY8-10; provided DNA Constructs and Genetic Manipulations
HA-tagged cyclin genes are fused at their 39 ends with the tripleby S. Feucht) in a 2m URA3 vector. Following incubation at 238C
for 24 hours, plates were shifted to 358C. Library plasmids were HA1 epitope sequence (Tyers et al., 1993) and have been described
(CLB2HA and CLB5HA: Seufert et al., 1995; CLN1HA and CLN2HA: Tyersrecovered from transformants and retested for suppression. This
screen yielded 12 plasmid clones from about 30,000 transformed et al., 1993). In strain W9317, this triple HA1 epitope sequence was
added to the 39 end of genomic CLB2 by PCR-mediated epitopecells. By a combination of DNA sequencing, database comparison,
subcloning, and PCR with gene-specific primers, we found that two tagging (Schneider et al., 1995). For expression of CLB5HA under its
own promoter (W388, W394), plasmid pWS206 carrying CLB5HA onplasmids contained CDC20 and five plasmids contained SIC1. Three
plasmids carried overlapping inserts, whose DNA sequence was a 2.2 kb HindIII fragment was transplaced at the CLB5 locus after
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linearization with StuI. For inducibleexpression of CLB2HA in cdc28-4 Glotzer, M., Murray, A.W., and Kirschner, M.W. (1991). Cyclin is
degraded by the ubiquitin pathway. Nature 349, 132±138.strains (W406, W407), plasmid pWS942 carrying a GAL10-CLB2HA
fusion (Seufert et al., 1995) was cut with NcoI and integrated at the Hochstrasser, M. (1995). Ubiquitin, proteasomes, and the regulation
URA3 locus. The PDS1::HA allele has been described (Cohen-Fix of intracellular protein degradation. Curr. Opin. Cell Biol. 7, 215±223.
et al., 1996). Holloway, S.L., Glotzer, M., King, R.W., and Murray, A.W. (1993).
pWS208 is an ARS1 CEN4 LEU2 plasmid that contains a 2.9 kb Anaphase is initiated by proteolysis rather than by the inactivation
XhoI±EcoRI insert expressing CLB2HA from a truncated version of of maturation-promoting factor. Cell 73, 1393±1402.
its own promoter. From this plasmid, codons 17±33 of CLB2HA were
Irniger, S., Piatti, S., Michaelis, C., and Nasmyth, K. (1995). Genesdeleted to generate pWS209 expressing a derivative of CLB2HA lack-
involved in sister chromatid separation are needed for B-type cyclining the destruction box sequence (CLB2HA-Ddb). The deletion was
proteolysis in budding yeast. Cell 81, 269±278.introduced by creating a SpeI site in front of codon 34 through PCR
Jentsch, S. (1992). The ubiquitin-conjugation system. Annu. Rev.amplification of the C-terminal portion of CLB2HA. The amplified
Genet. 26, 179±207.SpeI±BglII fragment was used to replace the original SpeI±BglII frag-
Johnson, E.S., Ma, P.C.M., Ota, I.M., and Varshavsky, A. (1995). Ament of CLB2HA. pWS209 rescues a clb1-3D clb2ts strain (Amon et
proteolytic pathway that recognizes ubiquitin as a degradation sig-al., 1993).
nal. J. Biol. Chem. 270, 17442±17456.
Kaiser, C., Michaelis, S., and Mitchell, A. (1994). Methods in YeastProtein Analysis
Genetics (Cold Spring Harbor, New York: Cold Spring Harbor Labo-Preparation of cell lysates, Western analysis, and measurement of
ratory Press).Clb2-associated histone H1 kinase activity were done essentially as
described (Surana et al., 1993; Tyers et al., 1993). Mouse monoclonal King, R.W., Peters, J.-M., Tugendreich, S., Rolfe, M., Hieter, P.,
antibody 12CA5 was used in the analysis of HA epitope±tagged and Kirschner, M.W. (1995). A 20S complex containing CDC27 and
Clb2, Clb5, Cln1, Cln2, and Pds1. Untagged Clb2 in Figures 2B, 3, CDC16 catalyzes the mitosis-specific conjugation of ubiquitin to
and 7D was probed with a Clb2-specific rabbit antiserum (Amon et cyclin B. Cell 81, 279±288.
al., 1994). Stability of ub-P-b-gal or R-b-gal was determined by King, R.W., Deshaies, R.J., Peters, J.M., and Kirschner, M. (1996).
pulse±chase studies as described (Johnson et al., 1995). How proteolysis drives the cell cycle. Science 274, 1652±1659.
Lew, D.J., and Reed, S.I. (1993). Morphogenesis in the yeast cell
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